Al-Sc master alloy was prepared by the powder metallurgy route from the initial composition of Al 90 (Sc 2 O 3 ) 10 mixture. Aluminum powder was mechanically alloyed with addition of Sc 2 O 3 , which is much less costly than the metallic Sc, and fine Sc 2 O 3 particles became uniformly dispersed in the matrix of Al. During consolidation by SPS at 873 K for 3.6 ks of mechanically alloyed powder mixture, Sc 2 O 3 was decomposed and Al 3 Sc and Al 2 O 3 are formed by solid-state reaction. Subsequently, SPS billets were hot-extruded at 773 K with a reduction of 1/12. Obtained extruded P/M material of Al-Sc master alloy was added to Al-4.5%Cu alloy melt and cast into the copper mold in order to attest its grain refining effect. Apparent grain refining was attained in the ingot of Al-4.5%Cu-0.55%Sc alloy and thus effectiveness of extruded P/M material from mixture of Al 90 (Sc 2 O 3 ) 10 as the Al-Sc master alloy was clearly attested. However, break down of covered oxide film of each powder particle by large plastic deformation is considered to be necessary to complete melting of added Al-Sc master alloy in the Al alloy melt.
Introduction
By adding a small amount of Sc to aluminum alloys, appreciable improvements are attained in the mechanical strength at room and elevated temperatures and in the weldability of high strength alloys, together with enhancement in superplasticity due to fine grained recrystallized structures and grain refinement of the cast materials. [1] [2] [3] Although the abundance of Sc in the earth crust is about the same as the other rare earth metals, metallic Sc is one of the most expensive elements. Hence, practical application of aluminum alloys with Sc addition is very limited.
In this paper, Al-Sc master alloy was prepared by the powder metallurgy (P/M) route, that is, by mechanical alloying (MA) of aluminum powder with addition of Sc 2 O 3 , which is much less costly than the metallic Sc. Fine Sc 2 O 3 particles became uniformly dispersed in the Al matrix by mechanical alloying and subsequently reduced to metallic Sc by displacement reaction of oxygen during heating of consolidation process. Obtained Al-Sc master alloy was added to Al-4.5%Cu alloy melt and cast into copper mold in order to attest its grain refining effect.
Experimental Procedure

Preparation of Al-Sc master alloy
A powder mixture of Al and Sc 2 O 3 was mechanically alloyed by using an Attritor type ball mill for 108 ks in an argon atmosphere. A powder charge of 700 g was mechanically alloyed at impeller rotational speed of 200 rpm by using the vial of stainless steel and balls of SUJ-2 bearing steel with addition of methanol as the process control agent by an amount of 5 mass% to the powder charge. The MA powder was consolidated to a cylindrical billet by spark plasma sintering (SPS) under a vacuum of 5 Pa at 873 K with an applied pressure of 49 MPa in a graphite die and plunger for 3.6 ks. Finally, the billet was hot extruded to a rod of 10 mm in diameter at 773 K with a reduction of 1/12. The starting composition was Al 90 (Sc 2 O 3 ) 10 , which corresponds to Al-6.65 mass%Sc-3.56 mass%O. Air-atomized Al powder of 99.76% purity and of 20 mm in the average size was used with Sc 2 O 3 powder of 99.9% purity of size under 40 mm.
Casting experiments
In order to attest the grain refining effect of the obtained P/M Al-Sc master alloy, casting experiments were performed by using a copper mold of wedge-shaped cavity and casting structures of Al-4.5 mass%Cu alloy was compared with or without Sc addition. After melting pure Al with addition of pure Cu in an alumina crucible in ambient atmosphere, P/M Al-Sc master alloy was added by an amount of 0.70 mass%Sc. The analyzed value of Sc content of the cast ingot was 0.55 mass%, which was lower than the added amount of 0.70 mass%, whereas analyzed Cu content was 4.57 mass%. The alloy melt was poured into the mold by using the apparatus shown in Fig. 1 . The wedge-shaped The result of STEM-EDX line analysis of the extruded P/M material of Al-Sc master alloy after annealing at 873 K for 7.2 ks is shown in Fig. 3 . A compound particle of about 500 nm in size at the middle of the analyzing line contains 30 to 33 mass%Sc and hence this is considered to be Al 3 Sc particle. The higher concentration of oxygen was observed in the neighboring region of this particle, indicating that Al 3 Sc was formed by decomposition of Sc 2 O 3 and Al 2 O 3 was 
Grain refining of cast aluminum ingots
The microstructures of the Al-4.5%Cu alloy ingots with and without addition of the extruded P/M material of Al-Sc master alloy are shown in Fig. 4 . In case of no Sc addition, columnar grains growing from the mold surface were observed along with some equiaxed grains in the middle parts of the ingot. No columnar grains were observed in ingots with Sc addition. The size of equiaxed grains increased with the distance from the tip of the wedge-shaped ingot. As shown in this figure, the average size of the equiaxed grains with Sc addition is 35 mm at the location 60 mm from the wedge tip (Location´in Fig. 6) , 50 mm at 90 mm (Locatioǹ ) and 60 mm at 120 mm (Location À). The grain size of the ingot without Sc addition is apparently much larger than that with Sc addition. Thus, the grain refining effect of extruded P/M material of Al-Sc master alloy has been clearly attested. Primary crystals of Al 3 Sc formed in the Al melt acted as the nucleant and hence fine equiaxed grains were obtained in the ingot with Sc addition. The above values of grain sizes are plotted in the figure reported in the paper by Norman et al., 2) and shown in Fig. 5 . The grain size values obtained for Al-4.5%Cu-0.55%Sc in this work are close to those by Norman et al. for Al-0.7%Sc.
The X-ray diffraction pattern of the wedge-shaped ingot of Al-4.5%Cu-0.55%Sc is shown in Fig. 6 , in which diffraction lines from Al 2 Cu and Al 3 Sc are clearly seen. A TEM micrograph of the wedge-shaped ingot at the location 2 is shown in Fig. 7 . A bright field image in Fig. 7(a) shows spherical particles of 50-100 mm in size dispersed in the Al matrix, and SAD pattern in Fig. 7(b) shows presence of the phase of LI2 structure. Hence, these spherical particles are identified as Al 3 Sc.
The addition of SPS material to Al alloy is considered to be more favorable because of the reduction of the processing steps as well as the cost. The SPS material of Al-Sc master alloy was added to Al-4.5%Cu alloy melt to attest its grain refining effect. However, complete melting of SPS material was not attained even after holding the melt at 1273 K for 8 h. This is considered to be due to oxide film formed on each MA powder particle. Large plastic deformation by hot extrusion is necessary to break down the continuous oxide film. In case of addition of extruded P/M material, the analyzed Sc content of 0.55 mass% was lower than the expected value of 0.70 mass%. This is considered due to loss of the unreduced Sc 2 O 3 to the oxide dross during melting. Based on the grain refining effect and formation of Al 3 Sc in the Al alloy ingot mentioned above, it is concluded that the extruded P/M material from the mixture of Al and Sc 2 O 3 is effective as the master alloy for addition of Sc to Al alloys.
Conclusion
( (2) The grain refining effect of obtained extruded P/M material of Al-Sc master alloy was attested in the ingot of Al-Cu alloy. (3) Break down of covered oxide film of each powder particle by large plastic deformation is necessary to complete melting of added Al-Sc master alloy in the Al alloy melt.
